Vibrio nigripulchritudo, the etiological agent of Litopenaeus stylirostris summer syndrome, is responsible for mass mortalities of shrimp in New Caledonia. Epidemiological studies led to the suggestion that this disease is caused by an emergent group of pathogenic strains. Genomic subtractive hybridization was carried out between two isolates exhibiting low and high virulence. Our subtraction library was constituted of 521 specific fragments; 55 of these were detected in all virulent isolates from our collection (n ‫؍‬ 32), and 13 were detected only in the isolates demonstrating the highest pathogenicity (n ‫؍‬ 19), suggesting that they could be used as genetic markers for high virulence capacity. Interestingly, 10 of these markers are carried by a replicon of 11.2 kbp that contains sequences highly similar to those of a plasmid detected in Vibrio shilonii, a coral pathogen. The detection of this plasmid was correlated with the highest pathogenicity status of the isolates from our collection. The origin and consequence of this plasmid acquisition are discussed.
Vibrioses are important diseases threatening the sustainable development of the penaeid shrimp aquaculture industry (6, 7, 20, 21) . However, little research attention has been paid to these diseases, mostly because viruses are considered the most significant diseases in crustacean aquaculture (22) . As a result, solutions to control vibriosis remain scarce. The massive use of antibiotics is certainly not a sustainable control strategy, since it favors the emergence of antibiotic-resistant strains (17) . Moreover, antibiotics are often banned from aquaculture ponds for commercial reasons and because of the increasing concern about residue issues. Additionally, vaccination is not possible in invertebrates, limiting the ways to reduce disease impact in shrimp culture (2) . Therefore, there is a need to understand the environmental, physiological, and bacterial conditions leading to the expression of the disease in order to determine ecological or zootechnical methods that could in the end control these diseases (16) . One step consists of diagnosing and quantifying the etiologic agent of the disease, both in the cultivated animal and in its environment.
It is recognized that strains belonging to the same Vibrio species can have different virulence patterns ranging from highly pathogenic (HP) strains to nonvirulent ones (8, 13, 19) . Therefore, the diagnosis often needs to be infraspecific, i.e., based on epidemiologically relevant sequence polymorphisms that can be regarded as genetic markers of virulence (9, 25) .
Suppressive subtractive hybridization (SSH) has been successfully and extensively used in a wide range of bacterial species to identify strain-specific genes (14, 32, 33) . In comparisons of virulent and nonvirulent strains, the different genes evidenced may encode virulence factors. Moreover, identifying these strain-specific regions can help to bring to light the traces of horizontal gene transfers, which are known to provide selective advantages and to be implicated in the emergence of new pathogens (4, 10, 24) .
In New Caledonia (South Pacific; 19°S, 23°W), a disease called "summer syndrome" has occurred seasonally in penaeid shrimp farms since 1997 and causes severe epizootic mortality. A multidisciplinary research program aiming at a global understanding of this disease was set up, bringing together rearing technology, pond ecosystem studies, shrimp physiology and immunology, nutrition and genetics, pathology, and bacteriology approaches (11) . Epidemiological studies have revealed that this disease is a vibriosis due to HP Vibrio nigripulchritudo isolates (7, 8) . To the best of our knowledge, this is the first reported disease associated with this Vibrio species. Because the New Caledonian shrimp production is also affected by another vibriosis, namely, syndrome 93, occurring during the cool season (6) , the spreading of the summer syndrome to other shrimp farms would undoubtedly threaten the sustainable development of the New Caledonian shrimp industry. Preliminary studies based on a collection of V. nigripulchritudo isolates have brought to light different virulence levels, according to experimental-infection results (7) . The genetic structures of 58 selected V. nigripulchritudo isolates were studied using arbitrarily primed PCR (AP-PCR) and multilocus sequence typing (MLST) (8) . These two typing methods gave congruent results, revealing a clustering of HP and moderately pathogenic isolates (MP). None of the nonpathogenic (NP) isolates was present in this cluster. The hypothesis that this particular cluster of pathogenic V. nigripulchritudo isolates emerged within a shrimp farm environment has been pro-posed. This emergence could be linked to the recent acquisition of one or several genetic elements, leading a moderately virulent isolate to become HP.
Our study was aimed at identifying and characterizing genetic markers of V. nigripulchritudo virulence by an SSH performed between the genomes of an HP isolate and a genetically close NP isolate. In a second step, the distribution of the screened SSH fragments was studied in a selection of both virulent (either HP or MP) and NP V. nigripulchritudo isolates by macroarray. This allowed us to determine more precisely which DNA fragments were constantly associated with virulence and could possibly be part of the virulence determinants. Lastly, the discovery of a replicon detected only in HP V. nigripulchritudo isolates led to a discussion of the role of mobile genetic elements in the emergence of pathogenicity in V. nigripulchritudo.
MATERIALS AND METHODS
Bacterial strains, media, and DNA extraction. The V. nigripulchritudo isolates used in this study have been described previously (8) and are presented in Table  1 . The Vibrio shilonii strain AK1 was purchased from the Pasteur Institute collection (CIP107136T). Vibrio strains were grown in marine broth or marine agar at 30°C. Escherichia coli strains were routinely grown in Luria-Bertani medium at 37°C. All media were from Difco. When necessary, the media were supplemented with ampicillin (100 g/ml). Total genomic DNA from Vibrio strains was prepared as described previously (30) .
PCR. Long-range PCR was performed using Herculase DNA polymerase fusion II to amplify the entire plasmid of V. nigripulchritudo or V. shilonii following the manufacturer's instructions (Stratagene). Other PCRs were performed using the Bioline Taq polymerase according to the manufacturer's instructions. Conditions for amplification were as follows: 94°C for 3 min, followed by 30 cycles of 94°C for 30 s, melting temperature minus 10°C for 30 s, and 72°C for 60 s per kbp.
SSH and macroarrays. SSH was carried out using the PCR-Select bacterial genomic-subtraction kit (Clontech) essentially following the manufacturer's instructions. Isolate SFn1 (HP) genomic DNA was used as the tester, and SFn118 (NP) genomic DNA was used as the driver DNA. During SSH, a high annealing temperature of 63°C was used to enrich for the recovery of SFn1-specific unique sequences. The PCR products obtained from SSH, representing tester-specific sequences, were cloned into pCRII-TOPO (Invitrogen) and transformed into E. coli strain TOP10.
Recombinant clones were screened with macroarrays. Briefly, inserts were PCR amplified and spotted in duplicate onto nylon membranes (Millipore). Genomic DNAs were labeled and used as probes in hybridization experiments using the Dig labeling and detection kit according to the manufacturer's instruction (Roche diagnostics).
DNA sequencing and sequence analysis. DNAs for sequencing were amplified using a Templi Phi amplification kit (Amersham) and sequenced on an ABI Prism 3100 genetic analyzer (Applied Biosystems) following the manufacturer's instructions. DNA sequences were blasted on public databases using the BlastX algorithm (1). Similarities with an E value smaller than 10 Ϫ5 were considered significant. Sequencing and contig assembly were performed by using SEQMAN (Lasergene Software). Plasmid extraction and characterization. Plasmid DNA extraction trials were conducted using different commercial kits, namely, the Qiafilter Plasmid Midi kit (Qiagen), the Plasmid Midiprep kit (Sigma Aldrich), and the Wizard DNA purification system (Promega), following the instructions of the manufacturers.
Plasmids were digested with the restriction enzymes EcoRI and XhoI, size fractionated by 1% agarose electrophoresis, and analyzed by Southern blotting (30) . For this, a fragment of the plasmid pSFn1 (SSH clone 16) was PCR amplified and labeled using the Dig labeling system (Roche).
Complete sequences of pSFn1 and pAK1 were obtained by shotgun sequencing. After SauIIIa partial digestion, the purified 3-kbp to 8-kbp restriction DNA fragments were ligated in a pUC18 vector predigested with BamHI (Amersham) and transformed into TOP10 competent cells (Invitrogen) . open reading frame (ORF) annotation was performed using GeneMark software, and synteny analysis was performed using Arthemis software.
Nucleotide sequence accession numbers. The DNA sequences of the plasmids pSFn1 and pAK1 have been assigned accession numbers EU156059 and EU159455, respectively.
RESULTS
Genomic subtraction between V. nigripulchritudo isolates. An SSH was carried out between the HP isolate SFn1 and the NP isolate SFn118. In order to check the specificity of the technique, a total of 1,112 inserts from the SSH library were screened by macroarray using SFn1 or SFn118 genomic DNA as a probe. Six hundred twenty-two SFn1-specific fragments were selected, revealing 44.1% nonspecific DNA fragments. Sequencing of the SFn1-specific fragments resulted in 521 DNA sequences, 143 of which (27.4%) showed no significant matches with entries in the public database. The remaining 378 predicted ORFs showed homology to proteins described in other bacterial species, and among them, 43 (18.9%) corresponded to conserved hypothetical proteins.
Correlation between macroarrays and virulence status. In a first set of experiments, macroarray analyses were performed using the 521 SFn1-specific DNA fragments as targets and a collection of 19 V. nigripulchritudo genomic DNAs as probes. This allowed the selection of 68 DNA fragments: 13 were found only in the DNAs of the HP isolates, whereas 55 were present in both HP and MP isolates (n ϭ 5 and 6 isolates, respectively). The genomic DNAs of the eight NP isolates hybridized with almost none of the 68 selected DNA fragments. In a second set of experiments, the 68 fragments specific to the pathogenic isolates (both HP and MP) were spotted on membranes that were then hybridized with genomic DNAs extracted from 33 additional V. nigripulchritudo isolates. Hybridization profiles were correlated with virulence status, i.e., 13 fragments were found to be specific to the 19 HP isolates, 55 fragments were found in HP and MP isolates, and only a few fragments (n ϭ 23) were found sporadically in NP isolates (Fig. 1) .
The homology search suggested that some of the 68 putative inferred ORFs could play roles in the virulence process (Table  2) . Clone 106 showed similarity to a vulnibactin outer membrane receptor precursor, clone 198 to an RTX protein or autotransporter adhesin, clone 458 to cyanobacterial toxins, and clone 486 to a capsule biosynthesis protein, CapA. Nine putative ORFs (13%) showed homology to transposase, integrase, or other proteins implicated in recombination, suggesting a role of mobile elements in the SFn1 genome specificity.
Identification and genetic organization of the pSFn1 plasmid. Within the subgroup of SSH fragments detected only in HP isolates, three clones (clones 16, 68, and 155) contained a partial ORF with high similarity to two genes (Z2Z3 and Z8) found in one of the plasmids evidenced in V. shilonii (Z. Pancer, A. Kushmaro, A. Toren, E. Ron, Y. Loya, and E. Rosenberg, unpublished data).
Previous experiments using the protocol described by Kado and Liu (15) failed to demonstrate the presence of a plasmid in V. nigripulchritudo isolates. Since the detection of fragments Z2Z3 and Z8 suggested the presence of a plasmid in SFn1, three additional extraction protocols were tested; only the Qiafilter Plasmid Midi kit (Qiagen) allowed purification of a replicon from this isolate.
The complete sequence of the replicon named pSFn1 (11,237 bp) was obtained, and the putative ORFs were identified using GeneMark software. A graphical representation of the 10 predicted ORFs appears in Fig. 2 . Their relationships to their homologues in databases are detailed in Table 2 . Five ORFs showed significant similarity to known genes coding for a putative partitioning protein (ORF2), a putative phage tail protein (ORF4), a phage head-tail tape measure protein (ORF5), an S49 family serine peptidase (ORF6), and an activator of the ProP osmoprotectant transporter (ORF10). Two ORFs corresponded to conserved hypothetical proteins (ORF3 and ORF8), and three are unknown (ORF1, ORF7, and ORF9).
Among the 13 DNA fragments that were demonstrated to be present in all HP isolates, 10 were localized in the plasmid pSFn1.
Correlation between plasmid and virulence. The successful plasmid extraction procedure was conducted with a larger Grow-out pond water, diseased pond HP SFn105
Grow-out pond water, diseased pond HP SFn106
Summer syndrome, moribund shrimp hemoculture HP SFn111
Carapace of a healthy crab (Portunus pelagicus), diseased farm NP SFn115
Lagoon water in front of pumps, diseased farm NP SFn118
Lagoon water in front of pumps, diseased farm NP SFn127
Healthy shrimp hemoculture, before disease outbreak HP SFn128
Summer syndrome, moribund shrimp hemoculture HP SFn135
Grow-out pond water, diseased pond HP AgMn1 NP AgMn2
Healthy shrimp hemoculture, before disease outbreak (same animal) NP AgMn3 NP AgMn7
Healthy shrimp hemoculture, before disease outbreak HP AgMn8
Summer syndrome, moribund shrimp hemoculture HP AgMn9
Grow-out pond water, diseased pond HP AgMn10
Summer ). In one of eight MP (AQn1) and one of seven NP (AgMn1) isolates, one or more plasmid(s) were also purified.
Restriction fragment length polymorphism analysis of the plasmids was performed using the EcoRI or XhoI restriction enzyme and demonstrated that these four HP isolates harbor a plasmid identical or very similar to pSFn1, with three EcoRI restriction fragments (1.1, 3.4, and 6.6 kbp) and one XhoIlinearized plasmid of 11.2 kbp. In isolates AQn1 and AgMn1, the EcoRI and XhoI plasmid restriction profiles were found to be clearly distinct (data not shown). Furthermore, double digestions suggested a single larger plasmid or the existence of several plasmids. The results were confirmed by Southern blotting using SSH fragment 16 as a probe. An EcoRI-digested fragment of 3.4 kbp (in pSFn1) was evidenced in all tested HP isolates.
Comparison between pSFn1 and the plasmid pAK1 of V. shilonii. The same plasmid extraction procedure was used successfully to purify a plasmid from V. shilonii strain AK1. In agreement with Rosenberg et al. (unpublished) , more than one plasmid was obtained. Among several primers designed on the basis of the pSFn1 sequence, primers 9F and 9R, localized between ORF5 and ORF6, were successfully used to amplify by inverse PCR a fragment of 13.4 kbp, which was further sequenced to provide the complete sequence of one of the AK1 plasmids, pAK1. As for pSFn1, the putative ORFs were identified using GeneMark software. A DNA-DNA comparison between plasmids showed that 71.8% of pSFn1 was shared with pAK1, with 93% nucleotide identity for the sequences (Fig. 3) . Synteny analysis revealed that five regions were significantly similar between pSFn1 and pAK1.
DISCUSSION
Compared to human bacterial pathogens, little is known concerning Vibrio pathogenesis in marine invertebrates. The genetic diversity of Vibrio, as well as the complexity of virulence mechanisms, causes difficulties in diagnosing vibriosis. Among the approaches that can be proposed to investigate genetic markers of pathogenicity, whole-genome sequencing appears to be the most informative, as it has significantly improved our understanding of the physiology and pathogenicity of many microbes and has provided insights into the mechanisms and history of genome evolution (5) . The genomes of four Vibrio species have already been sequenced: V. cholerae (12) , V. parahaemolyticus (23) , V. vulnificus (3), and V. fischeri (29) . This makes comparative genomics an attractive approach to investigate the basis of virulence in Vibrio. However, in spite of recent progress in high-density sequencing methods, this approach is still laborious and expensive, and as a consequence, it is restricted to a limited number of strains. Furthermore, if whole-genome sequencing allows us to rapidly and extensively hypothesize virulence mechanisms based on putative virulence determinants deduced from known functions of heterologous or orthologous known sequences, the functional demonstration of their involvement in virulence still relies on mutagenesis and complementation of the candidate genes. Subtractive hybridization methods are techniques designed to identify genomic regions that are present in one genome but absent from another (32) . The application of such a method has led to the identification of genomic islands (26) , mobile genetic elements (31) , and plasmids (18) . In comparisons of virulent and nonvirulent strains, such regions could correspond to virulence genes or regulators. Therefore, this relatively simple and cheap technique is attractive for investigating genomic variation and identifying virulence factors.
In a former study, a collection of V. nigripulchritudo isolates was studied in order to gain a better understanding of the epidemiology of the pathogen in New Caledonia (7, 8) . Bacteria phenotypically identified as V. nigripulchritudo were isolated from shrimps suffering summer syndrome or from other contexts and over a wide geographic area (Table 1 ). Molecular typing using two different techniques, AP-PCR and MLST, were congruent and permitted the definition of a cluster that included all summer syndrome isolates from diseased animals from the two affected farms, whatever their dates of isolation. Together with these isolates, a few environmental isolates from the affected farms (sediment or pond water) suggested that they might be environmentally transmitted.
By experimental infection, the isolates of this cluster were demonstrated to be MP to HP. These data led us to hypothesize that the summer syndrome is attributable to a single pathogenic clone surviving from one year to the next in the shrimp farm environment and then redeveloping inside the grow-out system at the next farming cycle.
The correlation between the virulence phenotype and taxo- FIG. 3 . Linear comparison of pSFn1 and pAK1 plasmids. The ORFs of the two strands are indicated by gray arrows when no significant BLAST matches were obtained and by black arrows when significant BLAST matches were obtained. ORF2 encodes an ATPase involved in a partitioning protein; ORF4 and ORF5 encode phage tail tape measure protein TP901; ORF6 encodes an S49 family serine peptidase; ORF10 encodes an activator of a ProP osmoprotectant transporter; ORF11 encodes a putative tail length determinant; ORF3,ORF 8, ORF12, and ORF13 encode conserved hypothetical proteins; and ORF1, ORF7, and ORF9 encode unknown hypothetical proteins. The gray lines between the plasmids represent DNA-DNA similarities (BlastN matches between the two sequences with scores of Ͼ500).
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V. NIGRIPULCHRITUDO PLASMID AND VIRULENCE 3045 nomic markers suggests that virulence genes, at least in part, are carried by one of the two chromosomes. However, because genotyping studies do not allow us to distinguish HP isolates from MP isolates, more recent genetic events can be suspected to be the origin of HP isolate emergence inside this cluster. Such a recent evolution often implies mobile elements that can be tracked by the SSH approach.
In the present study, the SSH approach comparing an HP to an NP isolate allowed us to identify 13 fragments specific to the HP isolates. Among these fragments, 10 corresponded to putative ORFs harbored by a plasmid, pSFn1, evidenced only in the HP isolates and showing high similarity to a 13.5-kbp plasmid described in V. shilonii (Rosenberg et al., unpublished) . This Vibrio was also putatively identified, together with V. nigripulchritudo, in corals along the coasts of Florida (27) , suggesting that V. nigripulchritudo and V. shilonii can coexist in the same ecological niche.
Our hypothesis is that coral or shrimp, as well as other marine invertebrates, with the millions of resident bacteria that are concentrated in their different compartments as a niche, could be a suitable place for horizontal gene transfer. The exchange could impact different adaptive functions, leading to the capacity to colonize different ecological niches and ultimately the emergence of a specific clone. Therefore coral, shrimp, or other invertebrates could be the origins of plasmid transfer.
V. shilonii has been associated with coral-bleaching events in Oculina patagonica in the Mediterranean Sea. Many data concerning the temperature-regulated mechanism of infection, virulence mechanisms, and pathogen transmission have been obtained experimentally with the strain AK1 (28) . However, no data concerning the epidemiological survey in situ are available. As a consequence, the absence of results concerning the identification of plasmids within a collection of V. shilonii prevents a discussion of the role of this plasmid in the virulence of V. shilonii.
Here, the presence of the plasmid pSFn1 has been clearly correlated with the HP status of V. nigripulchritudo isolates, suggesting that this element played a role in the emergence of HP.
One hypothesis is that the plasmid harbors one or more genes involved in bacterial virulence and could be considered a plasmid linked to virulence. However, because no ORFs annotated in the plasmid can be clearly assigned to a pathogenicity factor, genetic approaches should be developed to investigate the role of the plasmid in virulence: pSFn1 curing from an HP isolate, pSFn1 transferring to NP/MP isolates, and ORF deletion require experimental developments that are currently in progress.
Furthermore, the identification of three SSH fragments, HP specific and absent from the plasmid, suggests that several virulence determinants are chromosomally localized. Further knockout strategies should target genomic virulence markers.
Hybridization analysis using 68 SSH-derived fragments appears to be more discriminating than MLST or AP-PCR because it allows the distinction of HP from MP isolates. Our results could lead to the development of relevant tools for the diagnosis of HP isolates, for instance, a plasmid-specific PCR, thereby avoiding the need to characterize virulence by experimental infection. These operational tools will allow evaluation of the impact of this vibriosis on shrimp aquaculture in New Caledonia.
